The research based on density functional theory was carried out using generalized gradient approximation (GGA) for full-structural optimization and the addition of the correlation effect (GGA + U (Coulomb parameter)) in a double perovskite structure, A 2 BB'O 6 . According to the similar valance electrons between IIA(s 2 ) and IVA(p 2 ), IVA group elements instead of alkaline-earth elements settled on the A-site ion position with fixed BB' combinations as CrM (M = Mo, Re and W). The ferrimagnetic half-metallic (HM-FiM) properties can be attributed to the p-d hybridization between the Cr d -M p and the double exchange. All the compounds can be half-metallic (HM) materials, except Si 2 CrMoO 6 , Ge 2 CrMo and Ge 2 CrReO 6 , because the strong-correlation correction should be considered. For M = W, only A = Sn and Pb are possible candidates as HM materials. Nevertheless, an examination of the structural stability is needed, because Si, Ge, Sn and Pb are quite different from Sr. All compounds are stable, except for the Si-based double perovskite structure.
Introduction
Transition metals are discovered to possess high Curie temperature in a research study on an ordered double perovskite material, A 2 BB'O 6 [1] . The A-site elements are alkaline-earth ions, such as Ca, Sr, Ba and B, B′ being [2] the large low-field tunneling magneto resistance (TMR) [3] at room temperature and half-metallicity [4] . The earliest half-metallic (HM) compound, denoted as Sr 2 FeMoO 6 [4] [5] [6] [7] [8] , was found by Kobayashi et al. Half-metallic (HM) materials are metallic for one spin direction, while they act as an insulator for the other spin direction [9] [10] [11] [12] [13] [14] . Thus, three characteristic properties can be found: (1) 100% spin polarization at the Fermi level; (2) quantization of the magnetic moment; and (3) a spin susceptibility of zero. HM materials with this interesting attribute can be used as computer memory, magnetic recorders, and so on.
Ordered double perovskites, A 2 BB′O 6 , are a good baseline structure for determining suitable HM material candidates, because there are a variety of combinations for substituting the A-site or B-site elements. In previous research, HM compounds were found, such as Sr 2 FeWO 6 [6] , Sr 2 FeReO6 [15, 16] , Sr 2 MnMoO6 [16] , Sr 2 CuOsO 6 [17] , Sr 2 VOsO 6 [18] , Sr 2 NiRuO 6 [19] , Sr 2 FeTiO 6 [20] , Sr 2 CrMoO 6 [12, 21] , Sr 2 CoMoO 6 [12] , Sr 2 CrReO 6 [11, 15] and Sr 2 CrWO 6 [14, 22] for the same ion Sr on the A-site with different combinations of B-site elements. Sr 2 MnMoO 6 [8] and Ba 2 MnMoO 6 [23] represent A-site substitution with fixed B-site elements. From previous research, the electronic structure between Sr 2 FeMoO 6 [4] [5] [6] [7] [8] and Sr 2 CrMoO 6 [12, 21] is similar, near the Fermi level, which gives a clue about the combination required for double perovskite HM compounds.
In order to find more potential HM materials, this paper presents theoretical HM compound prediction on double perovskites, A 2 BB′O 6 , by systematically substituting the A-site ion with fixed BB′ combinations, such as CrM (M = Mo, Re and W). For the A-site ion, the similarity of the valence electrons between the IVA group elements and alkaline-earth elements (Ca, Sr and Ba), denoted as IIA(s 2 ) and IVA(p 2 ), motivated us to use IVA group elements instead of alkaline-earth elements [24] . However, the elements in the IVA group are quite different from Sr, so an examination of the structural stability is still needed. All the compounds are stable, except the Si-based double perovskite structure. The double perovskite structure cannot be synthesized as the covalent bond of SiO 2 , because the binding energy is too strong. Thus, calculations of density functional theory (DFT) were carried out, and new combinations of HM materials were found. The exempted HM materials in the preparation of this work are compounds of carbon, which represents the A-site position (C 2 CrMO 6 ). This exemption is due to the covalent bounding of carbon, which is too strong. The valence of carbon is +4 rather than +2. For M = Mo and Re, all compounds can be HM materials, with Si 2 CrMoO 6 , Ge 2 CrMo and Ge 2 CrReO 6 needing strong correlation correction. For M = W, only A = Sn and Pb are possible candidates as HM materials.
Computational Method
The theoretical research is based on the calculation of first-principle DFT [25, 26] . The exchange-correlation potential is formed by generalized gradient approximation (GGA) [27] . The full-potential projector augmented wave (PAW) [28] method is implemented in the VASP (The Vienna ab-initio Simulation Package) code [29, 30] , where the cut-off energy of the plane wave basis was set as 450 eV. The 8 × 8 × 6 k-point grids were set in the Brillouin zone. The conjugate-gradient (CG) method was used to find the stable ionic positions, i.e., this is the process of relaxation for both lattice constants and atomic positions, denoted as full structural optimization. The theoretical equilibrium structures were obtained when the forces and stress acting on all the atoms were less than 0.03 eV/Å and 0.85 kBar, respectively. The energy convergence criteria for self-consistent calculations were set to 10
eV. The Wigner-Seitz radius of the atom was set to 2.5, 2.1 and 1.4 a.u. for A-site atoms, 3d transition metals and oxygen, respectively.
In transition metal oxides, such as double perovskites, GGA (Gradient Approximation Functional) calculations are not sufficient for strong electron correlation systems. However, the GGA calculation can be corrected by using a strong correlation correction, called the GGA (LDA (Local Approximation Functional)) + U (Coulomb parameter) method [31, 32] , to fit in these systems. The GGA(LDA) + U scheme yields satisfying results for many strongly correlated systems, and it is a useful approach [33] [34] [35] . Thus, GGA + U calculations were performed in this work. The effective parameter U eff = U − J was adopted, where U and J stand for Coulomb and exchange parameters, respectively (we used U instead of U eff for simplicity in this paper). The near-maximum values were selected from the reasonable range of U [36] in the transition metal. For example, the range of U for Cr is 1.5 eV to 3.0 eV. In this work, 3.0 eV is used in the calculation. The U values are listed in Table 1 .
Results and Discussions
In an ordered double perovskite structure, A 2 BB′B 6 (Figure 1 ), four magnetic phases exist: ferromagnetic (FM), ferrimagnetic (FiM), antiferrimagnetic (AF) and nonmagnetic (NM). These phases are controlled by the spin state of the two B and B′ ions. In the ideal cubic structure ( , no. 225) for FM and FiM states, the B and B′ ions can be described in the order of the NaCl configuration, i.e., a face-centered cubic (fcc) stacked by B and B′ ions with lattice constant 2a. In the fcc cubic, each B(B′) is coordinated by B′(B), and each has an O ion between, so there are 6 B-O-B′ bonds per unit cell with the length of B-O and B′-O being equal. To determine theoretical lattice constants and atomic positions by structural optimization calculations, a larger unit cell with 2 f.u. (formula unit) was considered to enable the structure to relax to a reduced symmetry. [37] After full structural optimization, most of the ideal cubic structure ( , no. 255) will reduce to a tetragonal ( , no. 139) structure. In the tetragonal structure ( ), there are two nonequivalent types of O atoms, as shown in Table 2 . There are two O 1 atoms located on the z-axis with B and B′ atoms sitting between, and the four O 2 atoms are located on the xy-plane; the same as the B and B′ atoms ( Figure 1 and Table 2 ). The angle of the B-O-B′ remained at 180° during structural optimization, whereas the lattice constant and bond length changed. The closeness of the c/a ratio to the ideal value, , shows that the symmetry reduction is minor. Although some compounds remained in the ideal cubic structure ( , no. 255) during full structural optimization, the O 1 and O 2 are equivalent to the c/a ratio, . In the AF state, the tetragonal structure ( , no. 123) remains the same in the full structural optimization. The investigation of structural stability is necessary, because Si, Ge, Sn and Pb are quite different from Sr. The structural stability can be examined by the energy difference between the double perovskite structure and existing materials, such as AO (2) (A = Si, Ge, Sn and Pb), MO 2 (M = Mo, Re and W) and CrO (2) . Thus, the energy difference can be written as Equations (1) and (2), where E tot (f.u.) represents the energy of each compound.
(1)
SiO 2 , GeO 2 , SnO 2 , PbO 2 , SnO, PbO, CrO, CrO 2 and MO 2 are existing materials that can be easily calculated. The case of MO is a bit tricky, because MO 2 actually exists, but not MO. Thus, the energy of MO can be calculated by the average of MO 2 and M bulk, which can be expressed as:
The result shows that all compounds are stable, except the Si-based double perovskite structure. The energy differences (ΔE) for Si, Ge, Sn and Pb of A 2 CrMO 6 are 8 eV/f.u. to 10 eV/f.u., −0.5 eV/f.u. to −2 eV/f.u., −10 eV/f.u. to −12 eV/f.u., and −9 eV/f.u. to −13 eV/f.u., respectively. These results show that after oxidation, the crystal ionic radii for Si 4+ are too small, so the bond of the electrons remains close to the Si 4+ ion, thereby producing a covalent bond. The binding energy of SiO 2 (covalent bond) is too strong, such that the double perovskite structure cannot be synthesized. Sr 2 FeMoO 6 is also stable. We present the Si-based double perovskite structure to ensure the integrity of our work.
In In the total density of state (DOS), symmetrical spin-up and spin-down electron distribution can be observed, but no HM features are evident. In the NM phase, there is no spin polarization effect, which results in the absence of magnetic properties. To ascertain which magnetic phase is the most stable, calculations for all four magnetic phases are performed. The result shows that spin-polarized calculated total energies are always lower than those without spin-polarization and the initial FM and FiM state all converge to the FiM state. To guarantee the accuracy of the calculation result, a self-consistent process with higher convergence criteria is also performed.
Based on the energy difference in Table 1 , the FiM state is the most stable magnetic phase in all compounds. In A 2 CrMO 6 , the half-metallic characteristics can be obtained by the energy gap at the spin-up channel with a total magnetic moment (m tot ) of 2.0, 1.0 and 2.0 μ B for M = Mo, Re and W in the GGA calculation, respectively. Except (1) for M = Mo and Re, Si 2 CrMoO 6 , Ge 2 CrMoO 6 and Ge 2 CrReO 6 need a strong correlation correction (GGA + U), and (2) for M = W. Only A = Sn and Pb are possible candidates as HM materials. The lattice constant and volume of the unit cell will rise with the A site atom from silicon to lead (Table 2) , and it will narrow down the electron band structure. The energy gap will appear and become larger ( Table 1 ). The maintenance of the conductivity at the spin-down channel and the behavior between the size of the A-site ion and energy gap at the spin-up channel cause the success of A = Sn and Pb as candidate HM materials. The IVA group elements near the top of the Periodic Table show their strong covalent characteristics. The ionic characteristics become stronger as we go deeper. The positive charge of the atomic nucleus will gain attraction to the inner shell (s-orbital) of valence electrons. Thus, the valence from C (2s ) can be denoted as +4 to +2, whereas the others are in between. Thus, IVA group elements, like Pb (6p 2 ), are similar to Sr (5s 2 ) in the outer valence electron. This is also the reason for the absence of half metallicity in the carbon stand for the A site in each compound. The value of the effective parameter, U (U Cr , UM), is tuned up from (3, 2) to (5, 3). All results were the same: (1) in all compounds, the FiM magnetic phase is still the most stable state compared with the AF state by about 10 1 meV to 10 2 meV; and (2) the HM compound still carries its original characteristics, and the non-HM compound (Si 2 CrWO 6 , Ge 2 CrWO 6 ) has no spin-polarized gap. Figure 2 presents the density of states (DOS) of A 2 CrMoO 6 , A 2 CrReO 6 and A 2 CrWO 6 in GGA calculations. The electronic structures are very similar to each other in that they share the same mechanism of HM characteristics. Below the Fermi level (E F ), the O 2p orbital extends from about −8 eV to −2 eV, and hybrids with the M t 2g orbital are in the same energy region. The Cr t 2g orbital in the spin-up channel extends from about −6 eV to −3 eV, which hybrids with the O 2p orbital, and from −2 eV to −0.5 eV below E F . With the M t 2g and Cr e g orbitals above the E F , the band gap appears at the spin-up channel. In the spin-down channel, the M t 2g orbital extends from about −1 eV to 1 eV, which dominates the conductivity of the whole compound. In the ionic picture, the formal valence of CrM is +8, and the electron configuration is Cr ) by one, whereas the local magnetic moment of Re is about two times larger than that of Mo (W). The value of spin polarization is important for applications in spintronics, which can be defined as (N↑ − N↓)/(N↑ + N↓), where N denotes the spin-up (↑) and spin-down (↓) components in the DOS at the E F . In all HM compounds of this work, spin polarizations are all −100%. The negative sign indicates that the metallic behavior can only be obtained in the spin-down channel. For other materials, they still show high spin polarization more than −65%, such as Si 2 CrMoO 6 (−89.5%), Ge 2 CrReO 6 (−84.8%) and Ge 2 CrWO 6 (−65.5%) in the GGA scheme, indicating that they may still be applied in spintronics. The exchange correlation correction effects (GGA + U) are similar in all compounds. Thus, we present the GGA + U calculations for Pb 2 CrMO 6 (M = Mo, Re and W) in Figure 3 . When the exchange correlation effect is induced, it will give rise to the electronic structure. For Pb 2 CrMO 6 , the Cr t 2g orbital is pushed down deeper, and all the orbitals become more localized, which enhances the local magnetic moment (LMM). Therefore, the band gap at the spin-up channel and the LMM becomes larger. For example, the band gap of Pb 2 For the mechanism of the half metallicity and ferrimagnetic phase, Terakura et al. [38] proposed an F(i)M stabilization mechanism, while a nonmagnetic element is in between magnetic elements with the p-d hybridization and double exchange interaction. For example, magnetic elements with a full spin splitting orbital with the E F located in the middle are denoted as d-states. The non-magnetic elements located at E F and between the spin-polarized d-states are denoted as p-states. In the spin-up (down) channel, the d-state will push the p-state upward (downward). Thus, the E F will be unequal in both spin states. To keep the E F common, some electrons will switch spin states that move nonmagnetic elements to contribute negative moments and stabilize the F(i)M state. This phenomenon is called p-d hybridization. If such hybridization is strong enough, the p-state can be pushed above the E F at one spin channel. With the double exchange effect, the band extends at the opposite spin channel with the E F . Half metallicity and ferrimagnetic appear spontaneously. These behaviors do not exist in the AF configurations; thus, the FiM states are more stable than AF states. In our work, the Cr t 2g orbital represents the spin-split d-states. The M t 2g orbital stands for the p-state nonmagnetic elements, whereas weak-magnetic elements are also suitable for p-state elements.
Conclusions
In this paper, by granting that the valence electrons between IIA (s 2 ) and IVA (p 2 ) are similar, the IVA group elements on the A-site ion position instead of the alkaline-earth elements were attained in the double perovskite structure, A 2 BB′O 6 . The calculations of DFT were carried out with the fixed BB′ combinations as CrM (M = Mo, Re and W). The examination of structural stability revealed that all the compounds were stable, except Si-based double perovskite structures, such as that of Si 2 CrMO 6 . Thus, in A 2 CrMO 6 (A = Ge, Sn, and Pb), with M = Mo and Re, all the compounds can be used as HM materials, except Ge 2 CrMoO 6 and Ge 2 CrReO 6 , for which the GGA + U process is recommended. For M = W, only A = Sn and Pb are possible candidates as HM materials. The p-d hybridization between the Cr d -M p and the double exchange are the main reasons for the half metallicity and ferrimagnetic phase (HM-FiM). We hope this work helped in the identification of more candidate HM materials and will encourage further experimental research.
